The growth characteristics of the oxygen-resistant strain of hydrogen bacterium N34in a 40% O2-culture were compared with those in a 4%O2-culture in order to clarify the mechanismof oxygen-resistance.
high oxygen tension inhibits the cell growth of hydrogen bacteria; the majority of hydrogen bacteria are unable to growunder morethan 40% O2.1} Some hydrogen bacteria, as exceptions, were reported to be able to grow under high oxygen tension,2'3) but the mechanisms of the oxygen-resistance in these organisms have not been mentioned yet. The growth inhibition by high oxygen tension has been considered to be the result of the high oxygen-sensitivity of hydrogenase4) and many attempts to stabilize or protect hydrogenase against oxygen inactivation have been reported.5~9) It has been reported that high oxygen tension also represses hydrogenase formation.10~13)
Oxygen-resistant hydrogen bacterium strain N34,14) capable of cell growth under 40% O2 without a growth lag phase, was obtained by the adaptation of oxygen-sensitive strain N3415) to 40% O2. Recently, the adaptation of growing cultures of Chlorellal6) to 80% O2 was reported and it was assumed to be a phenotypic change.
We have previously described17) that the hydrogen-oxidizing system was not protected from the influence of 40% O2 in oxygenresistant resting cells and that the hydrogenase formation system seemed to be protected from oxygen inhibition in the oxygen-resistant proliferating cells. The present paper deals with comparisons of growth characteristics between 4% O2-and 40% O2-cultures of oxygen-resistant hydrogen bacterium strain N3414) to clarify the mechanisms of the oxygen-resistance.
MATERIALS AND METHODS
Organism. Oxygen-resistant hydrogen bacterium strain N3414) obtained by the adaptation of oxygen-sensitive strain N34 to high oxygen tension was used for the investigations.
Culture medium and growth conditions. The medium used for the autotrophic culture was composed of Cells were harvested at the end of the culture. Analysis of poly-/?-hydroxy butyrate (PHB) was carried out by the method described by Law et al. 19) Analysis of gases. The composition of the gas phase in. the flask before and after the cultivation was determined with a gas chromatograph (Shimadzu Type GC-4B) as described in the previous paper.1] The consumption of H2, O2 and CO2 was estimated as the difference between the initial and the final composition of the gas phase.
RESULTS
Effects of oxygen tension on growth rate and cell yield Table I shows the effects of oxygen tension on growth rate and cell yield of oxygenresistant strain N34. Cell growth occurred without a lag period under 10%-60% O2, but both the growth rate and the cell yield were depressed markedly with increased oxygen tension. Gaseous substrates had not been exhausted at the stationary growth phase in each flask. Moreover, the resumption of cell growth occurred when the gas phase was replaced with a gas-mixture of92% H2+4% O2+4% CO2 at the stationary growth phase in each flask. These results indicate that the cell growth ceased not due to the deficiency of the substrates or inorganic nutrient sources but to the inhibition effects of oxygen.
Effect of hydrogen tension on growth rate
The effect of hydrogen tension on the growth rate of oxygen-resistant strain N34
was tested both under 4% and 40% O2. The growth rate was not affected by the increased hydrogen tension.
Effects of carbon dioxide tension on growth rate As shown in Table II , a positive correlation exists between the initial CO2 tension in the gas phase and the specific growth rate; growth inhibition with decreased CO2 tension was observed.
Comparison of cell compositions
The elemental composition of the cell mass was analyzed as shown in Table III . There were no significant differences in elemental composition between the two kinds of cells. The protein content was higher in the 40% O2-grown cells, while the PHBcontent was higher in the 4% O2-grown cells.
Comparison of material balance
Material balances in 4% O2-and 40% O2-cultures of oxygen-resistant strain N34 are summarized in Table IV .
The theoretical stoichiometry of gas consumption is as follows; Oxygencontent was calculated as residue. When observed values of consumed H2 (ratio to consumed CO2) shown in Table IV are put into eq. (4), n is calculated to be 1.75 and 4.25 in the 4%O2-and 40% O2-cultures, respectively. The other values of n, based on consumedO2 (ratio to consumed CO2), 2.2 and 4.7 (Table IV) , are larger than the calculated ones, respectively, showing that cell growth of oxygen-resistant strain N34 is associated with the stimulated oxygen uptake. Furthermore, the ratio of consumedH2+O2 in the 40%O2-culture was twice as much than that in the 4% O2-culture and the difference between the two cultures was 5H2 +2.5O2. Yield coefficients, YHl and YO2, in the 40% O2-culture are approximately half of those in the 4% O2-culture, while YCO2are almost equal to each other.
The carbon recoveries with respect to the percentage of the cell-C to the consumedCO2-C are also almost equal to each other as for Table IV , 7E in the 40% O2-culture is about half of that in the 4% O2-culture.
DISCUSSION
Growth inhibition was observed with decreased CO2 tension (Table II) . There are few data on the effect of CO2tension on the cell growth of hydrogen bacteria.21~25) A positive correlation between the initial partial pressure of CO2and the specific growth rate was reported for thermophilic hydrogen bacterium strain TH-1, and the dependence of the physiology of strain TH-1 on the partial pressure of CO2 was speculated.23) Recently, the inhibition of CO2-fixation was observed under low CO2/high O2 conditions with Alcaligenes eutrophus25) as it was assumed to be due to the oxygenase function of ribulose 1,5-bisphosphate carboxylase. The growth inhibition observed with decreased CO2tension in strain N34 seems likely to be accounted for by the inhibition of CO2-fixation. That YCO2or the carbon recovery was almost equal in both 4% O2-and 40% O2-cultures (Table IV) shows that the process of cell yield next to the incorporation of CO2 was not affected by oxygen tension. Thus, the inhibition of CO2-fixation is presumed to be one possible factor of the depression of the cell yield under high oxygen tension shown in Table I . The elemental composition of C, H, O and N shown in Table III is similar to that of other hydrogen bacteria.20'26) That the PHBcontent was higher in the 4% O2-grown cells (Table  III) is due to the oxygen deficiency27} at the end of the 4% O2-culture.
With respect to the gas consumption, the observed value of consumed O2 was higher than the calculated one (Table IV) . But it is uncertain whether or not this observation supports the existence of the respiratory protection system (if any) as described for Azotobacter. 28) It seems a rather general phenomenonin the growth of hydrogen bacteria that the observed O2 consumption is greater than the calculated one, because the ratio of observed gas composition in Pseudomonas hydrogenovora20) and Alcaligenes hydrogenophilus26) also shows higher consumption of O2 than calculated from eq. (3). As already mentioned in the introduction, the hydrogenase synthesizing system was presumed to be protected from the influence of high oxygen tension in proliferating cells of oxygen-resistant strain N34.17) In the 40% O2-culture, the augmentedoxyhydrogenreaction presumably scavenges the excess O2 resulting in the protection of the hydrogenase synthesizing system.
